From a point of a signal-to-background ratio, phosphors are a key component of micro channel plate (MCP) based x-ray framing cameras. In an MCP based framing camera, x-ray signal is converted to electrons, gated, amplified, and converted back to optical signal on the phosphor. To operate x-ray framing cameras in a harsh neutron induced radiation background of the National Ignition Facility, cathodeluminescence efficiency of the phosphor is very important. To avoid MCP damage due to high voltage breakdown, we have been operating phosphors below 3kV (acceleration field < 6 kV/mm). The signal-to-background ratio the camera can be significantly improved by increasing the phosphor potential to 10kV. We measured conversion efficiencies of standard phosphors at electron energies of 0.5 ~10 keV and assessed achievable performance of them with using a numerical model.
INTRODUCTION
MCP based x-ray framing cameras are important diagnostics in inertial confinement fusion experiments at the National Ignition Facility [1] . On planned high neutron yield experiments, the expected neutron yield (14 MeV) can be 10 17 or higher. In order to record x-ray emission images of the imploded core, x-ray framing cameras will have to be operated in that harsh neutron environment [2] [3] [4] [5] [6] [7] [8] [9] . One of the simplest ways to increase signal level against the radiation background is use of higher phosphor potential.
For example, when the camera is located ~7m from the compressed plasma with no neutron shielding, the fluence of the 14MeV neutrons at the camera is about 1.6×10 10 neutrons/cm 2 . Those neutrons penetrate into the camera and excite the components of the camera. The radiation absorbed dose of the components can be estimated by using tabulated neutron KERAMA factors [10] . Most of the components consist of intermediate atomic number (Z = 12~29) elements have neutron KERMA factors of 1~2 ×10 -11 Gy⋅cm 2 . Therefore the expected absorbed dose of the camera components is 160~300 mGy. In addition, gamma-rays produced by (n,n' γ) reactions around the camera will also deposit a similar amount of energy in the components [11] . This penetrating radiation causes ionization in the MCP, phosphor, fiber-optic face plate (FOFP), and recording device (typically a charge-coupled device (CCD) or a photographic film). It is known that radiation background on the MCP can be reduced by turning off the bias voltage before neutrons hit the MCP [6, 12] . Radiation effects on the recording device can also be reduced by transferring the phosphor signal using image-relay optics and protecting the recording device with a massive radiation shielding enclosure [7] [8] [9] . However the phosphor and the FOFP are still exposed to the ionizing radiation with no significant shielding. For a phosphor thickness of 1mg/cm 2 , the absorbed dose of 300mGy corresponds to a surface excitation of 0.3 μJ/cm 2 . To achieve a good signal-to-background ratio, the electron excitation from the MCP has to be stronger than this radiation dose. The MCP output can be boosted by increasing electron multiplication gain in the MCP. However the maximum number of electrons we can extract from 
where dR(λ)/dλ is the absolute spectral radiance (watt/nm/sr/m 2 ) of the optical output through the FOFP, V(λ) is a normalized 1931 CIE standard photopic response (V(555nm) = 1), the factor 683 is conversion factor from watts to lumen. In order to convert this luminance to radiance R (watt/sr/m 2 ), the sensitivity reduction of the photopic response on blue and red side was compensated,
where, f(λ) is the emission spectrum of each phosphor material, T(λ) is the transmission of the FOFP. The signal intensity on a recording device coupled to the FOFP is given by irradiance E e, (watt/m 2 ) on the detector,
where χ is coupling efficiency of the FOFP output and the recording device determined by (1) fraction of effective area, (2) transmission of the input window, and (3) angular acceptance of the recording device. Because the photometer is sampling radiance of a solid angle on the FOFP's surface normal, we need to assume the angular distribution of the FOFP output. When the output is approximated by the Lambertian distribution, an integration of the output over 2π steradian is, 
where F is the areal fraction of the core glass (75%), N is the numerical aperture of the FOFP (1.0), and <n phos > is the averaged refractive index of the phosphor. Assuming <n phos > = 1.8, the estimated light trapping efficiency of the FOFP is ~6.3%.
For ease of calculation, the chemical degradation factor is modeled as,
where λ chem is specific depth of the dead layer. Rigorously, the depth dependent coupling efficiency ζ(s) has to be calculated by solving complex photon transport inside the phosphor. The photons produced in the shallow region have less coupling to the FOFP because they have more chance to be scattered back in the downstream. In contrast, the coupling efficiency near the FOFP surface is enhanced because photons going away from the FOFP have more chance to be reflected back to the FOFP. Detailed transport of the photons in the scattering medium is described in reference 14.
However, since the thicknesses of our samples are less than the typical diffusion length of the phosphor (3~10 mg/cm 2 for 2-3 μm gain size) [14] , the scattering effect was ignored. Therefore ζ(s) and M are set to unity. conversion efficiency below 3kV was significantly reduced. However due to light reflection on the reflector, expected output is increased by 70% at 10kV operation (M ~1.7).
SUMMARY
We measured conversion efficiencies of commonly used phosphors deposited on FOFP's. The best conversion efficiency is obtained when the phosphor thickness matches the stopping range of the electrons. When we operate the phosphors at a 10kV potential, a ~1mg/cm 2 phosphor provides maximum output. For operation below 5 kV, the use of an aluminum reflector coating is not beneficial [15] . However over 5kV operation, reflection from the aluminum layer significantly increases the light collection efficiency. Compared to a conventional 3kV potential with no aluminum coting, the 10 kV operation with a 200 angstrom aluminum reflector can enhance the phosphor output by a factor 8x. This significantly improves the expected signal-to-background of x-ray framing cameras in a high radiation environment.
